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INTRODUCTION 
Refractory castables or concretes are utilized in a wide variety 
of installations. Recently, they have been the fastest growing branch 
of the refractories industry. The advantages of using refractory 
concretes are elimination of joints, ease of installation, smaller and 
less skilled labor crews, and improved quality and service ratings [1]. 
The variety and number of installations are continually increasing, and 
with the recent advent of more refractory cements of bonding materials 
for this product, the field of usefulness will increase still further. 
One of the possible future applications is in the linings of coal 
gasification process vessels [2, 3]. The gasifier environment will 
place severe demands on refractory linings, not only for the combustors, 
but also for regenerators, cyclones, and connecting ducts [4]. Due to 
the extreme conditions in the gasification process, the concretes must 
resist temperatures up to 2000°F and stresses up to 1500 psi along 
with corrosion, erosion and destructive atmospheres [5]. 
When the interior of the vessel is heated, reversible thermal 
expansion causes the lining hot face to expand producing compressive 
stresses at the hot face and tensile stresses in the remainder of the 
lining. Refractory concretes are much weaker in tension than in 
compression so that cracks tend to form in the exterior of the lining 
on heating, and at the interior on cooling. Because of thermal 
gradients through the lining, both initial heating and steady-state 
conditions produce strong compressive stresses at the lining hot face 
and strong tensile hoop and axial stresses in the vessel cell. 
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Therefore, it is important to have available high-temperature, high-
stress creep data for refractory concretes if successful use in 
gasification vessels is to be achieved. The dependence of the creep 
rate, e, on temperature, T, and stress, CT, is useful in examining the 
operative creep mechanisms for a given system. The present 
investigation of the compressive creep behavior of 90+% AlgO^ and 
50+% AlgOg refractory concretes of various calcium aluminate cements, 
utilized in the lining of coal gasification process vessels, was 
conducted to obtain insight into the overall creep behavior and probable 
operative creep mechanisms of this system. 
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LITERATURE REVIEW 
Refractory Concrete 
Refractory concretes or, as they have been historically referred 
to, "refractory castables" in the widest sense of the term, could 
include any heat resistant aggregate and any hydraulic cement. 
A minor constituent may be a plastic fireclay for increasing the 
workability. Many other minor ingredients may be added to control 
setting rate, workability, strength, reheat expansion, etc. [6]. 
Refractory concretes are classified according to ASTM C-401-77 "Standard 
Classification of Castable Refractories" [7]. In this work, the term 
"refractory concrete" will be defined as a high temperature aggregate 
bonded by a hydraulically setting calcium aluminate cement. 
The aggregate is the major portion of a refractory concrete, 
usually comprising approximately 75% of the mixture. The high 
temperature aggregates are held together by a bond capable of giving a 
solid mass which has adequate properties both before and after firing 
to a high temperature. Aggregate purity is an important parameter of 
refractory properties [8]. Generally, higher purity aggregates improve 
properties, but increase costs. Aggregate grading and packing are 
extremely important in producing a quality product [9]. Poor packing 
causes low density and strength. Some typical aggregates are calcined 
fireclay, clacined bauxite, kyanite, and sintered alumina [10]. These 
materials are chosen as aggregates because they are inert and volume 
stable when properly prefired. The aggregate is carefully sized to 
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give a close-packed system. Often 4 mesh particles are the maximum 
size. 
The term "cement" describes finely ground hydraulic binding agents 
consisting principally of a combination of CaO with SiC^, AI2O2, and 
FegOg [11], having certain characteristics laid down in standards, and 
reaching a minimum compressive strength after hardening. The raw mass 
or the major part of the cement must have been heated at least to the 
stage of sintering. Calcium aluminate cement is made from chalk or 
limestone and bauxite, which are mixed together, dried, and heated 
until molten. The cement is then cast into pigs which are subsequently 
broken up and ground to the required fineness [12]. The principal 
products of reaction of the lime and alumina are various calcium 
alumina tes. CA, CAg, free AlgOg are the main phases present 
in commercial cements [13]. 
The purity of the alumina source determines the purity and 
properties of the resultant cement [14]. Calcium aluminate cements can 
be divided into three general classes [15]: 1) low purity cements, 
which can be used with a service limit of about 1350°C; 2) intermediate 
purity cements, which contain 5% SiOg, but only 1-2% Fe^O^, as the 
main impurities, and can be used up to a service limit of 1600°C; and 
3) high purity cements which contain generally less than 2% total 
impurities and can sometimes be used to temperatures as high as 1800°C. 
^In cement notation, C = CaO, A = AI2O2, and H = H2O; thus, CA is 
CâO 
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One of the most important distinguishing characteristics of cement 
is hydraulic hardening. The hydration and dehydration reactions are 
extremely complex and poorly understood. The hydration of CA has 
the highest rate of strength development. Hydration results in the 
formation of CAH^g below 21°C, and C2AHg and alumina gel (AH^) between 
27°C to 54°C. Both CAH^g and CgAHg are unstable at higher temperatures 
and are transformed into C^AHg. The compound CA^ is believed to 
hydrate to CAH^^ and AH^. The water of hydration from the hydrated 
compounds is completely lost when heated to the 200°C to 350°C range. 
In the range of 350°C to 600°C, appears as possibly an 
intermediate phase. At 600°C to 1000°C, CA begins to develop; at about 
1000°C, CA reacts with AlgO^ to form CA2; and at about 1400°C, CA^ 
begins to develop. It is obvious that in studying any high temperature 
property the hydration and dehydration process must be considered. 
Figure 1 [16] illustrates the hydration and dehydration of calcium 
aluminate cement. Figure 2 [17] shows how firing temperature affects 
the strength o^ two hydrated calcium aluminate cements. Cement A is a 
low purity cement; cement B is a high purity cement. According to this 
figure, the hydrated bond is destroyed at 200°C to 500°C. The 
decrease in strength is closely associated with the dehydration of 
C^AHg and CAH^Q, and the formation of their anhydrous products. It 
cannot be ascertained which compound has the greatest effect on the 
strength properties. 
The ideal castables should have a good flowability at low water 
contents. The setting rate should be controlled so that the concrete 
6 
TEMP 
C 
CEMENT TABULAR AlgOg 
20 
40 
60 
100 
200-350 
600-1000 
1000-1300 
1400-1650 
AGGREGATE 
UNHYDRATED 
CEMENT 
I 1 
CAH 
GEL 
CA. 
Figure 1. Hydration and dehydration of calcium aluminate cement 
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Figure 2. Transverse strength of two hydrated aluminous cements after heat-treatment 
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can be consolidated before setting begins. The effect of cement/water 
ratio on the strength of dense concrete is shown in Figure 3 [18]. 
Other factors that affect properties are curing and drying 
temperature [16, 19], concrete formulation [20], firing temperature [16], 
water content [21], forming method [22], and humidity control [23]. 
Strength of Refractory Concretes 
As mentioned earlier, the hydration products of the calcium 
aluminate cement are various, depending upon the temperature. Thus, 
the choice of curing temperature affects the strength of refractory 
concretes. Figures 4 and 5 [19] show that a curing temperature of 
25°C to 50°C produces concretes with better strength than does curing 
at a higher or lower temperature. 
The strength of refractory concretes will also change as a 
function of the firing temperature. Figures 6 and 7 [24] give typical 
hot and cold modulus of rupture (NOR) curves for 40-50% AlgOg concretes 
using a high purity and an intermediate purity cement, respectively. 
The cold MOR generally decreases significantly during the dehydration 
of the cement. This drop in strength is not present to the same extent 
in the hot MOR. The greatest difference in MOR occurs at high 
temperature where a glassy phase is formed. 
The compressive strength of a refractory concrete is shown in 
Figure 8 [25]. The compressive strength remained fairly constant over 
the range of about 500°F to 1500°F. The strength of specimens tested 
at the firing temperature was less than the strength tested at room 
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Figure 3. Dried strength vs water/cement ratio for fused 
alumina castables. CCS is cold crushing strength, 
X is % water, and W/C is water to cement ratio 
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temperature. Both MOR and compressive test results indicate that 
ceramic bonding starts to form at a point above 1500°F. 
Figures 9 and 10 [26] show the hot torsional shear strength of a 
refractory concrete in air and at low oxygen partial pressures. The 
hot torsional shear strengths of refractory concrete in a reducing 
atmosphere are almost the same or higher than the strength in air, 
except at 900°C. The data suggest that heating in a reducing 
atmosphere might increase the strength of the refractory concrete 
because some chemical reactions might occur, strengthening the bond 
phase of the concrete. 
Creep Mechanisms 
Ceramics often creep, or gradually deform, at high temperatures 
under loads much less than the fracture stress, until instabilities 
arise which lead to catastrophic failure. The generalized creep curve 
for a constant load as a function of time is shown in Figure 11. This 
creep curve can be divided into four regions: 
1) At the instant of stress application, the material deforms 
elastically. 
2) The next region, called the transient or primary creep region, 
is characterized by a decreasing of the strain rate with time and the 
material is developing a creep structure. Part of the primary creep 
strain is recoverable or viscoelastic. Thus, the movement of 
dislocations under the applied stress is opposed by a gradually 
increasing internal stress. When the applied stress is removed, the 
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Figure 9. Hot torsional strength tested in air 
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internal stress may tend to return the material to its original state. 
Thus, the material may continue to creep when the stress is removed, 
but in the opposite direction [27]. This curve can be represented by 
the expression, 
Ê = A t"* (1) 
where k = strain rate (de/dt), 
t = time, 
A = constant, and 
n = exponent. 
3) The next region is the secondary or steady-state region of 
creep, characterized by a constant value of the strain rate. The creep 
structure has been formed and is stablized. This is usually by far 
the longest portion of the curve and also the most important. The 
generalized steady-state creep equation was shown in Equation (2) [1]. 
de/dt = e = A f(s) 0^ exp (-AH^/RT) (2) 
where f(s) = structure term, 
AH^ = activation energy of the creep, 
n = stress exponent, 
T = absolute temperature, 
a = stress, and 
R = gas constant. 
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4) The final region is called tertiary creep or accelerating 
creep, where strain rate is increased until fracture. 
There are two distinct types of deformation mechanisms. First, 
lattice mechanisms which are entirely intragranular, thus, they are 
equally likely to occur in polycrystalline materials and single crystals. 
Second, boundary mechanisms which depend on grain boundaries, thus are 
relevant to polycrystalline materials. In boundary mechanisms, strains 
are caused by movements of grains. Several mathematical models have 
been proposed for the physical creep mechanism in ceramic materials. 
A brief discussion of these models will be presented. 
a) Diffusion creep - It is associated with lattice mechanisms 
and is also known as Nabarro-Herring creep. Deformation is the result 
of diffusional flow in the crystal grain. The region in compression 
has a lower vacancy concentration and the region in tension has a higher 
vacancy concentration than other areas in the crystal. Deformation is 
the result of diffusional flow in the crystal grain from the compressive 
region to the tensile region. The equation is given by {28]: 
Ê = 14 0 0 D /K T d^ (3) 
V 
where d = grain size, 
n = atomic volume, and 
D = lattice diffusion coefficient. 
V 
The above equation applies for diffusion in vacancy, and ions through 
the lattice. Coble [29] developed an expression for diffusion 
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occurring along the grain boundaries ; 
Ê = 14 n 0 0 D, Ô/K T d^ 
D 
(4) 
where = grain boundary diffusion coefficient, and 
Ô = effective grain boundary width. 
For polycrystalline bodies, the results are all found to be of the 
form, 
For a large-grained material, the last term in Equation (6) can be much 
smaller than unity, and under those circumstances, diffusion around the 
grain boundaries is unimportant and it is the Nabarro process of 
diffusion through the grains that dominates. Alternatively, if the 
last term is much greater than unity, this equation yields results very 
similar to those obtained by Coble for grain boundary diffusion 
controlled creep. 
b) Dislocation creep - At high temperatures and at relatively 
high stresses, creep deformation is apparently diffusion controlled, 
but the strain rate is a nonlinear function of stress. This has 
ê = 14 o n D^/K T d^ + 14 n o 0 6 D^/K T (5) 
or 
ê = 14 a D /K T d^ [1 + n 6 CL/d D ] . 
V b V 
(6 )  
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generally been attributed to the ability of dislocations both to climb 
and glide in this stress-temperature regime. It has been shown [30] 
that in this regime the creep behavior of many materials can be well-
described by the semiempirical equation, 
£ = A G b/K T (o/G)* (7) 
\Aere G = shear modulus, 
A and n = constants for the material, and 
b = Burger's vector. 
The exponential constant, n, has been related to the nature of the 
specific dislocation mechanism proposed to be operative during creep 
[31]. Recent work by Stocker and Ashby [32] has shown that n and A are 
not independent, and they derive a relationship that can be used to find 
A when n is known. 
Edge dislocations can also act as sources and sinks for point 
defects, and so diffusion between edge dislocations can lead to climb 
of the dislocations giving a strain. The resultant strain rate is [33], 
Ê = 0 D^/2 n b^ K T &n(4 G/II a)[l + 
4 D /3 D (0/G)^] (8) 
C V 
where D is the core diffusion coefficient. The term &n AG/Ho is about 
c 
10 for most cases. An alternative expression for the climb rate has 
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been derived by Weertman [34] . Deformation is controlled by dislocation 
climb when the obstacles do not allow the possibility of slip. The 
climb process depends on the diffusion of lattice vacancies, and the 
rate of deformation is controlled by diffusion. Weertman derived the 
equation for the steady-state strain rate for small stresses; 
è = a/b G N K T (9) 
vAiere N is the dislocation density. At very high stress levels, the 
rate of dislocation glide, rather than climb, usually controls the 
deformation rate and this is usually obstacle limited. Ashby [35] has 
adopted a rate equation for obstacle limited flow such that; 
ê = exp [-bf 1 (s-a)/K T] (10) 
where 1 = obstacle spacing, 
s = Gb/1 = flow stress at absolute zero, and 
£ = strain rate when o = S. 
o 
c) Grain boundary sliding - The grain boundaries of a polycrystal 
play an important role in creep process. First, the boundaries act as 
sources and sinks for vacancies, so that diffusional creep may occur 
by vacancy flow. Second, grain boundary sliding may occur under 
conditions where diffusional creep is relatively unimportant. Two 
types of grain boundary sliding may be defined. Sliding taking place 
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on interior grain boundary surfaces must be accompanied by 
accommodation deformation in adjacent grains. On the other hand, 
grain boundaries that intersect the sample surface should slide freely 
at a rate determined predominantly by the nature of the boundary, 
Matlock and Nix [36, 37] have shown that geometrically accommodated 
grain boundary sliding and free grain boundary sliding can be directly 
related. Thus, equations for both slidings should be expected to have 
the same form. Langdon [38] has developed a model for grain boundary 
sliding by assuming that all the deformation mechanisms operate 
independently. The strain rate associated with grain boundary sliding 
is given as, 
ê = S b^ D^/d G K T (11) 
where 6 is a constant approximately equal to one. 
Creep of Refractory Concretes 
Refractory concretes are not only polycrystalline, but polyphase. 
As mentioned earlier, refractory concretes consist of coarse aggregate 
materials bonded by a second cement phase with pores. This cement phase 
generally plays a major role in the creep properties, while 
dehydrating and deforming itself. Also, stress-aided sintering of the 
cement phase takes place during the creep test. D. J. Bray [39] has 
shown that the deformation is controlled by the formation of CA, CA^, 
and the sintered ceramic bond (Figures 12 and 13). Deformation always 
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is more rapid during any process accompanied by a phase change. 
Therefore, formation of CA, CAg, and other structures during the creep 
process enhances cement reactions including creep reactions with the 
fine AI2O2 of the aggregate. Pores change in their shape and size when 
sintering occurs. 
Aggregates may also move their position due to the deforming 
cement phase. The local stress distribution at contact points between 
rigid aggregate particles and the cement phase can change. It is 
probable that boundary mechanisms would dominate the creep behavior of 
refractory concretes. But in materials with a highly developed second 
phase, there is no inherent reason to suspect that one type of 
mechanism dominates. Thus, theoretical derivations of homogeneous 
polycrystalline systems cannot be expected to apply. We don't have a 
good theoretical model for creep of this system. Therefore, it is 
necessary to rely on an empirical model such as shown in Equation (2). 
Creep analysis on refractory concretes has been previously carried 
out on the steady-state portion of the curve using the empirical 
equation. The steady-state portion is used because over long periods 
of time, most of the creep occurs in this region. Also, the primary 
and tertiary regions are difficult to analyze and model. Equation (2) 
is derived for mechanisms in single crystal and polycrystalline single 
phase materials, but does allow some insight into the creep of 
refractory concretes. Experimental data can be correlated using 
Equation (2), as shown by Figures 12 and 13, where straight lines are 
obtained using Equation (2). Therefore, this equation is useful for 
26 
this research. 
Perhaps a theoretical model can be developed for a three phase 
system (aggregate, cement and pores) which will be related to the 
changes in structure found experimentally in this study. Because the 
creep parameters are different when load is first applied than they 
are on subsequent application of load, structural changes must be 
incorporated in such a model. 
27 
EXPERIMENTAL PROCEDURE 
Materials Selection and Sample Preparation 
Two series of experiments were performed on concretes containing 
25% calcium aluminate cements. The first series used a generic 90% 
Al^O^ refractory concrete, as shown in Table 1. This concrete will be 
referred to as ISU-90. The second series used a 50% AlgO^ refractory 
concrete composed of calcined kaolin, as shown in Table 2. This 
concrete will be referred to as ISU-50. Table 3 [40-44] shows the 
chemical analysis and the properties of calcium aluminate cements which 
were used in this research. Also, Table 4 [18, 45] shows the chemical 
analysis and the properties of the aggregates which were used in this 
research. 
The sample was prepared according to the ASTM C-862-77 "Standard 
Specimens by Casting" [46], with two exceptions. First, the refractory 
concrete specimens were cast into a 9 inch straight (9 in. x 4 1/2 in. 
X 2 1/2 in.) brick mold and then the cured bricks were core-drilled and 
cut with a diamond saw to a 1 in. diameter x 2 in. long specimen for 
creep tests. This was done to ensure homogeneity of the small specimen 
required for creep tests. The second deviation from standard 
practice is that the mold was vibrated (high frequency, low amplitude) 
during casting to promote consolidation and strength. The specimen 
was cured at 35°C for 24 hours and then was dried at least 18 hours at 
105°C. 
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Table 1. Composition of modified generic 90% Alj3_ refractory castables 
(ISU-90) 
Materials Amount (wt %) 
Tabular AlgOg (Alcoa T-61) 
-6 mesh fines 70 
Calcined AlgO^ (Alcoa A-2) 
-325 mesh fines 5 
Calcium aluminate cement 
-325 mesh fines 25 
Water 9-12.3 
Table 2. Composition of modified generic 50% A1 0_ refractory castables 
(ISU-50) 
Materials Amount (wt %) 
Calcined Kaolin (Mulcoa) 
6 + 1 0  m e s h  2 7 . 5  
10 + 20 mesh 22.5 
-20 mesh 20 
Ball miss fines 
(50% -325 mesh) 5 
Calcium aluminate cement 25 
Water 9-12 
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Table 3. Chemical analysis and properties of calcium aluminate 
cements. (Manufacturer's typical data) 
Cement 
CA-25C 79.0 % AI2O3 
0.2 Si02 LCI (1100°C) 1.5 
0.3 
^®2°3 PCE 34 (3205°F) 
0.5 NagO Bulk density-loose = 56 b/ft^ 
18.0 CaO Bulk density-packed = 92 
0.4 MgO 
Secar 80 80.9 % AlgO, 
17.0 CaO Specific gravity = 3.2 
0.09 SiOg 
2 Bulk density-loose = 50 b/ft 
0.09 Principal phase = CA 
0.87 MgO 
Secar 71 70.6 % : 61,0, LOI (1800°F) 0.5 
0.16 SiOg Specific gravity =3.0 
0.17 Fe^O, Bulk density-loose = 60 b/ft 
27.5 CaO Principal phase = CA 
0.68 MgO 
Refcon 58.0 % : Al.Og + TiO 
5.6 SiOg Specific gravity = 3.02 
1.5 Bulk density-packed = 94 b/ft^ 
33.5 CaO 
0.4 SO 2 
Fondu 39.0 / ° AI2O3 
2.5 Ti02 Specific gravity = 3.2-3.5 
38.5 CaO Bulk density-packed = 90 b/ft^ 
12.0 
^®2°3 
4.0 FeO 
4.5 SiOg 
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Table 4. Chemical analysis and properties of the aggregates 
Typical properties A-2 calcined T-61 tabular Mulcoa calcined 
alumina alumina Kaolin 
AlgOg 99.2 99.5+ 47.5 
SiOg 0.02 0.06 49.3 
FegOg 0.04 0.06 1.0 
Na^O 0.45 0.10 0.03 
TiOg — — 1.65 
CaO — — 0.02 
MgO — — 0.04 
KgO — — 0.02 
Bulk density b/ft^ 68 135 162 
Spec, gravity g/cc 3.7-3.9 3.4-3.6 — 
App. porosity % — 5 — 
Water absorption — 1.5 
LOI (1200°C) 0.2 
P CE — — 35—36 
Cale. temp. (°F) — — 2950 
31 
Creep Experiments 
All creep experiments were in air, using a compressive stress. 
A photograph of the creep rig is shown in Figure 14. For the 
compressive creep test, an apparatus with alumina rams and platens was 
used. The apparatus is equipped with a movable furnace which is lined 
with ceramic fibers and heated with silicon carbide elements. The 
load was applied with a lever arm with a 5:1 ratio. 
The specimen deformation was measured with a linear variable 
differential transformer (LVDT) mounted to measure movement of the 
upper ram, and recorded by a strip chart recorder at a constant speed. 
The specimen was heated at a rate of 300°C/hr. and soaked for 5 to 18 
hours before applying the load. This allows for a uniform thermal 
history and compositional equilibrium with its environments and for 
thermal equilibrium of the sample and the metallic structure of the 
creep-testing apparatus. The steady-state creep test was performed at 
temperatures ranging from 500°F to 2200°F, and stresses ranging from 
500 psi to 2500 psi. 
Each specimen was heated to the lowest temperature, then the load 
was applied, and the deformation was recorded for periods of 20 to 100 
hours on a strip chart recorder. The load then was released, the 
temperature was increased and after thermal equilibrium was reached, 
the load was again applied and the deformation recorded. Therefore, 
the total strain at the higher temperatures includes the strain at the 
lower temperatures. Analysis of the slope of the deformation vs time 
curve at steady state for the different combinations of stress and 
Figure 14. Creep testing apparatus 
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temperature for each specimen was made to establish the creep rate. 
The deflection recorded on the strip chart was used to calculate 
the strain at specific intervals from Equation (12). 
E = d/1^ (12) 
where e = strain, 
d = deflection, and 
1^ = original specimen length. 
A strain vs time curve was plotted from this data, and the strain rate 
was calculated from the slope of the strain vs time line in the steady-
state region of the curve. Plots of 2n è vs 1/T at constant stress and 
&n E vs &n o at constant temperature were prepared to calculate 
activation energies and the stress exponents from Equation (2). 
%n Ê = A - AH^/R T (13) 
and 
&n Ê = n &n o + 2n B . (14) 
Using a statistical linear regression technique, a line was fitted to 
the data points. From the slopes of these straight lines, values for 
the activation energy and the stress exponent were calculated. 
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Supplemental Tests 
Density and porosity measurements were made on specimens by the 
fluid displacement method using kerosene for both before creep and 
after creep tests. Modulus tests were performed on fired and unfired 
specimens to compare with the creep results. SEM studies and x-ray 
diffraction analyses were used to determine the microstructural and 
phase changes, if any, and to assist in the understanding of the creep 
mechanisms. 
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RESULTS AND DISCUSSION 
ISU-90 
Activation energy 
All creep tests performed on refractory concretes were begun at 
low temperatures and continued with successively increasing temperatures 
(Figures 15 and 16). All of them tested at 2000 psi. When a concrete 
based upon tabular alumina aggregate and calcium aluminate cement was 
tested, the creep strain was found to be different on initial heating 
than when subsequently cycled down to the same conditions of stress and 
temperature. Subsequent temperature cycling of the concrete showed 
drastic reductions in creep strain from the first heating cycle. It 
appears that once a specimen reaches a set of temperature and stress 
conditions, and the temperature is then cycled below the maximum 
conditions, no major structural changes occur within the material. 
Refractory concretes are complex inhomogeneous systems to which 
classical theories for creep may not apply. However, the temperature 
dependence at constant stress of the steady-state creep strain was 
found to be Arrhenius when experimentally tested. The slope of the 
Arrhenius plot was different on the first heating than it was on 
subsequent cycling. Equation (2) contains three variables: structure, 
stress, and temperature. The difference between the first and second 
creep cycles indicates that structural changes must have occurred 
during the initial cycle. It is, therefore, by accident that linear 
dependence is found on first heating under stress and taking the 
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ISU-90 with CA-25C cement. (Cycled down) 
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structure term into account in the analysis is difficult because no 
relationship between the physical phenomena and the term representing 
possible structural changes has been determined. The structural 
changes could be caused by dehydration and sintering of the cement 
phase, or they could be caused by the former accompanied by stress-aided 
densification. 
Figure 17 shows the determination of the activation energy for 
ISU-90 with CA-25C cement, tested at 2000 psi, to be approximately 
28 Kcal/mole on subsequent cycling if S and 0 are assumed constant in 
Equation (2). At 1500°F and below, creep rates are difficult to 
determine accurately, but they appear not to have the same Arrhenius 
dependence. The low activation energy suggests that as temperature was 
increased during a creep test, changes in structure were also taking 
place, contributing to the higher creep rates. Figure 18 shows a 
typical creep strain behavior of ISU-90 with Secar 80 cement. 
Figure 19 shows less strain occurs when cycled down similar to the 
behavior with CA-25C cement. The activation energy is 24 Kcal/mole on 
initial heating and is 120 Kcal/mole on subsequent cycling (Figure 20). 
The activation energy for ISU-90 with Secar 71 is 34 Kcal/mole on 
initial heating and 133 Kcal/mole on subsequent cycling (Figure 21). 
For Refcon cement, it is 44 Kcal/mole and 159 Kcal/mole, respectively 
(Figure 22). For Ciment Fondu, it is 57 Kcal/mole and 133 Kcal/mole, 
respectively (Figure 23) . 
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Stress exponent 
The short term creep behavior of ISU-90 with CA-25C cement was 
measured at constant temperature while cycling the applied stress. All 
of them tested at 2000°F. The range of compressive stress was 500 psi 
to 3000 psi. This was done to determine the effects of changing stress 
at a constant temperature (Figures 24 and 25). The results exhibit 
substantial reductions in creep strain from the increased stress 
increment cycle to the decreasing stress increment cycle. The stress 
exponent n was determined to be approximately 0.5 on the increased stress 
and 3.4 upon the decreasing stress cycle (Figure 26). This indicates 
that the structural changes accompanying the initial application of stress 
affected the subsequent application of stress. The coarse aggregates 
are inert at these temperatures. The structural changes could be 
sintering reactions which occur under the combined influence of 
temperature and stress. Classically, the stress exponent is an 
indication of the mechanism that dominates the creep. But for this 
complex refractory concrete system, the values measured for stress 
exponent are simply the stress dependence of strain-rate and cannot be 
used to indicate a classical mechanism at this point. 
ISU-90 with Secar 80 cement shows that tremendous creep strain 
occurs when the load is first applied (Figure 27). Later, increases in 
load do not increase strain very much. It appears as though structural 
changes have taken place in the first deformation, with a great deal 
of initial strain, so that further strain is more difficult, so that 
the stress exponent was negative. However, cycling down stress shows 
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Figure 26. Stress dependence of strain rate for ISU-90 with CA-25C cement 
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reduction in creep strain as the stress is reduced (Figure 28). The 
stress exponent was 0.1 on initial loading and 2.6 when stress was 
cycled down (Figure 29). For ISU-90 with Secar 71, it is -0.4 on 
initial loading (Figure 30). Another diagram showing that tremendous 
creep occurs when the load is first applied to ISU-90 with Refcon cement 
is shown in Figure 31. The stress exponent for ISU-90 with Refcon 
cement was determined to be 0.2 on initial loading (Figure 32). For 
Ciment Fondu, the stress exponent is 0.7 and 2.9, respectively 
(Figure 33). 
Summary of ISU-90 
Figure 34 shows a summary of the total strain for the ISU-90 with 
constant stress. Secar 80 has much less total creep strain for ISU-90 
at the same conditions of stress and temperature with increasing 
temperature. Figure 35 shows a summary of the total strain for the 
ISU-90 with constant temperature. When changing stress, ISU-90 shows 
the higher purity specimens have somewhat less total creep strain. 
Table 5 is a summary of the activation energies and stress exponents 
for ISU-90. There are no trends in these values with increasing 
impurity level. The activation energy for the cycled material is 
roughly 100 Kcal/mole more than the initial heat-up value. The stress 
exponent is small for the initial heat-up, but approximately three for 
the cycled material. 
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Table 5. Analysis of creep parameters for ISU-90 
cement Conditions AH n 
CA-25C 
Initial heat-up 
Cycled 
28 
131 
0.5 
3.4 
Secar 80 
Initial heat-up 
Cycled 
24 
120 
0 . 1  
2 . 6  
Secar 71 
Initial heat-up 
Cycled 
34 
133 
-0.4 
Refcon 
Initial heat-up 
Cycled 
44 
159 
0 . 2  
Fondu 
Initial heat-up 
Cycled 
57 
133 
0.7 
2.9 
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Modulus of rupture, density and porosity 
Modulus of rupture tests were performed on fired and unfired 
ISU-90 concretes with various cements (Figures 36 and 37). A maximum 
temperature of 2000°F was maintained for 12 hours for fired specimens. 
Sccar 80 has the greatest MOR of ISU-90 for both fired and unfired 
specimens. Density and porosity measurements were made on specimens by 
the fluid displacement method using kerosene (Figures 38-41) . For the 
concrete after fired, bulk density decreases from the unfired state, 
but apparent density and porosity increase. These changes are caused 
by removal of water of hydration and sintering of the cement phase. 
Secar 80 also has the greatest density for both fired and unfired 
specimens of ISU-90 and Secar 71 has the lowest. Secar 80 has the 
lowest apparent porosity of both ISU-90 fired and unfired specimens, 
while Secar 71 has the highest. 
SEM and x-ray 
Figure 42 shows the results of x-ray diffractometry for hydrated 
ISU-90. The lowest curve is CA-25C. The next lines, proceeding 
upward, are Secar 80, Secar 71, Refcon, and Fondu cements. The major 
compounds in these are Corundum from aggregates, C^AH^, and AH^. C 
represents CaO, A represents AI2O2, and H represents HgO. In Refcon 
cement, Gehlenite was found. Figure 43 shows the results of x-ray 
diffractometry for crept ISU-90. The major compound is Corundum from 
aggregates, along with CA^. Again, in Refcon cement, Gehlenite was 
found. 
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Figure 38. Density of fired ISU-90 concretes with various cements 
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Figure 39. Density of unfired ISU-90 concretes with various cements 
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In refractory concretes, the development of the bond phase with 
temperature is a complex phenomenon itself. At temperatures below 60°C, 
the bond phase consists of various calcium aluminate hydrates, free 
AlgOg. At temperatures where the creep tests were performed, the 
concretes consist of large inert particles of tabular AI2O2 in a matrix 
of crystalline CA, CAg, and unreacted fine AlgOg. Two major changes 
occur when raising temperature. First, dehydration of cement around 
200-350°C; and second, CA converts to CA^ at approximately 1000°C. This 
action takes place by solid state reaction as there is no glass phase 
present. These changes taking place could and probably do affect the 
deformation of this system. 
Microstructural analysis was performed on these materials using 
the SEN. Figure 44 shows a specimen of hydrated ISU-90 with Secar 80 
at 1000 magnification and Secar 71 at 1000 magnification. Each arrow 
represents 5 micrometers. The large grains of tabular AI2O2 are 
surrounded by the very fine cement phase. Figure 45 shows Refcon, and 
Fondu cements at 10000 magnification. The flat plate-like cement 
structure is typical of the hydrated cement phase. All of them 
represent the C^AH^ phase. Figure 46 shows a fracture surface of 
crept ISU-90 with CA-25C cement at 3000 and 10000 magnification. 
Densification seems to be taking place. The structure of cement 
particles changed under stress and temperature. Figures 47 and 48 
show Secar 80, Secar 71, Refcon, and Fondu cements at 10000 
magnification. In Refcon cement, the grain size is ver}' large compared 
to other cements. These represent the cement phase and in all of them. 
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Figure 44. SEN photomicrograph of green ISU-90 
(a) with Secar 80 (lOOOX) 
(b) with Secar 71 (lOOOOX) 
Figure 45. SEM photomicrograph of green ISU-90 (lOOOOX) 
(a) with Refcon 
(b) with fondu 
F igure 46. SEM photomicrograph of crept ISU-90 with CA-25C 
(a) 3000X 
(b) 1000OX 
Figure 47. SEM photomicrograph of crept ISU-90 (lOOOOX) 
(a) with Secar 80 
(b) Secar 71 
Figure 48. SEN photomicrograph of crept ISU-90 (lOOOOX) 
(a) with Refcon 
(b) with Fondu 
76 
it appears that stress-aided sintering occurs during the creep test. 
In these analyses, first, very little differences exist in 
microstructure, except Refcon contains Gehlenite and has a larger 
particle size. Second, stress-aided sintering of the cement phase 
dominates the creep microstructure. Third, x-ray diffraction shows 
crystalline phases before and after creep to be those expected for 
the chemical compositions. Finally, the creep results vary with 
composition, but the difference depends more on the high temperature 
chemistry and phase equilibria than on the microstructural changes 
observed by SEN. 
ISU-50 
Activation energy 
In ISU-50, mullite was used for the aggregate instead of the 
tabular alumina that was used in ISU-90. That change produced lower 
Al^O^ contents in these refractory concretes. They are expected to be 
less heat resistant when compared to ISu-90. Figures 49 and 50 show the 
creep of ISU-50 with CA-25C cement on initial heating and when cycled 
down. All of them tested at 2000 psi. Figure 51 shows the activation 
energy for ISU-50 with CA-25C cement to be 30 Kcal/mole on initial 
heating and to be 179 Kcal/mole on subsequent cycling. For Secar 80, 
the activation energies are 19 Kcal/mole and 101 Kcal/mole, 
respectively (Figure 52). For Secar 71, the activation energy is 
41 Kcal/mole on initial heating. The specimen failed at 1900°F upon 
loading (Figure 53), so it was not possible to determine the activation 
energy on subsequent cycling. For Refcon cement, the activation energy 
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Figure 51. Arrhenius temperature dependence of strain rate for ISU-50 with 
CA-25C cement at 2000 psl 
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Figure 52. Arrhenius temperature dependence of strain rate for ISU-50 with 
Secar 80 cement at 2000 psi 
-10 
- 1 1  
c 
•H 
£ -12 
0) 
-P -13 
D 
L 
C 
•H -14 
0 
L 
-*) 
CO I *-*
 
in
 
c 
r-H 
-16 
41 Kool/mol( 
00 
6 7 8 9 10 11 12 13 
l / t e m p  ( k )  C x e — 4 )  
Figure 53. Arrheniu» temperature dependence of strain rate for ISU-50 with 
Secar 71 cement at 2000 psi 
82 
was 45 Kcal/mole on initial heating. That specimen also failed at 1900°F 
(Figure 54). For Ciment Fondu, the activation energy is 27 Kcal/mole 
and 154 Kcal/mole, respectively (Figure 55). Generally, when plotted on 
an Arrhenius graph, the temperature dependence appears not to be a 
function of impurity level. 
Stress exponent 
Figures 56 and 57 show the creep behavior of ISU-50 with CA-25C 
cement on initial loading and when cycled down. All of them tested at 
2000°F. The stress exponent for ISU-50 with CA-25C cement was determined 
to be 0.7 on initial loading and 3.4 ^ en cycled down (Figure 58). For 
Secar 80, it was 0.8 and 2.2, respectively (Figure 59). For Secar 71, 
it was 1.0 on initial loading, but we only have 2 points, so it may not 
be accurate. The specimen failed at 2000 psi (Figure 60). For Refcon 
cement, the stress exponent was 1.3 on initial loading. The specimen 
also failed at 2500 psi (Figure 61). For Ciment Fondu, the exponent was 
0.9 on initial loading and the specimen failed at 2000 psi (Figure 62). 
When these low purity concretes were tested, we found changes in behavior 
from that of the high purity concretes we had described previously, 
except CA-25C. The strain was increased as the applying load was 
increased. In CA-25C, it behaves similar to high purity concretes, but 
not producing negative stress exponent. 
Summary of ISU-50 
Figure 63 shows a summary of the total strain for the ISU-50 with 
constant stress. Secar 71, Refcon cements failed at 1900°F for ISU-50. 
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Figure 56. Creep strain as a function of time at different pressure for 
ISU-50 with CA-25C cement. (Initial heating) 
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Figure 58. Stress dependence of strain rate for ISU-50 with CA-25C cement at 2000°F 
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Figure 59. Stress dependence of strain rate for ISU-50 with Secar 80 cement at 2000 F 
-10 
c 
•H 
£ 
01 
-P 
0 
L 
C 
•H 
0 
L 
-P 
m 
11 
n 1. 0 
00 
- 1 2  t I 1 , 1 . 1  i  i  i  I I i I i l I I I 
7 8 
In a-bnees (pel) 
Figure 60. Stress dependence of strain rate for ISU-50 with Secar 71 cement at 2000 F 
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Figure 61. Stress dependence of strain rate for ISU-50 with Refcon cement at 2000 F 
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Figure 62. Stress dependence of strain rate for ISU-50 with Fondu cement at 2000 F 
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Therefore, these were less creep resistant than the ISU-90 or the ISU-50 
with the other cements. Figure 64 shows a summary of the total strain 
for the ISU-50 at constant temperature. When changing stress, ISU-50 
shows the higher purity specimens have somewhat less total creep strain. 
Again, Secar 71, Refcon, and Fondu cements failed during the test. 
Table 6 is a summary of the activation energies and stress exponents 
for ISU-50. 
Modulus of rupture, density and porosity 
Modulus of rupture tests were performed on fired and unfired ISU-50 
concretes with various cements (Figures 65 and 66). A maximum 
temperature of 2000°F was maintained for 12 hours for fired specimens. 
Secar 80 has the greatest NOR of ISU-50 for fired specimens. For 
unfired specimens, Secar 80 and Fondu cements have more MOR strength 
than other cements. Density and porosity measurements were made on 
specimens by the fluid displacement method using kerosene (Figures 67 
and 68) . Secar 80 also has the greatest density for unfired specimens 
of ISU-50. Also, Secar 80 has the lowest apparent porosity of unfired 
specimens, while Secar 71 has the highest. 
SEM and x-ray 
Figure 69 shows the results of x-ray diffractometry for hydrated 
ISU-50. The lowest curve is CA-25C. The next lines, proceeding 
upward, are Secar 80, Secar 71, Refcon, and Fondu cements. For 
hydrated ISU-50, the major compound is Mullite and Crystobalite from 
the aggregate, along with C^AH^, AH^. In CA-25C and Secar 80 cements. 
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Table 6. Creep parameters for ISU-50 
Cement Conditions AH 
CA-25C 
Initial heat-up 
Cycled 
30 
179 
0.7 
3.4 
Secar 80 
Initial heat-up 
Cycled 
19 
101 
0 .8  
2 . 2  
Secar 71 Initial heat-up 41 1 . 0  
Re f con Initial heat-up 45 1.3 
Fondu 
Initial heat-up 
Cycled 
27 
154 
0.9 
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Figure 65. Modulus of rupture for fired ISU-50 concretes with various cements 
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Figure 66. Modulus of rupture for unfired ISU-50 concretes with various cements 
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Figure 69. X-ray diffraction pattern for hydrated ISU-50 
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Corundum was also found. For crept ISU-50, the major compounds are 
Nullité, CA2, and Crystobalite (Figure 70). 
Figure 71 shows fracture surface of green ISU-50 with CA-25C and 
Secar 80 cement at magnification of 10000. Also shown are Refcon and 
Fondu cements at 10000 magnification (Figure 72). All the figures 
represent the hydrated cement phase. Figure 73 shows fracture surface 
of crept ISU-50 with CA-25C and Secar 80 cement at a magnification of 
10000. Also at 10000 magnification, Figures 74 and 75 show Secar 71, 
Refcon, and Fondu cements. In Refcon and Fondu cement, the cement 
particles have coalesced under stress and temperature. These results 
suggest that changes in the microstructure may cause high deformation 
rates. 
Study on the Bond Phase of ISU-90 
The effect of temperature on the creep of specimens containing 
only fine aggregate and cement was studied because it is believed that 
cement plays a major role in the creep of the refractory concretes. 
This includes the effect of water content on the creep of a bond composed 
of CA-25C calcium aluminate cement and A-2 reactive calcined alumina in 
a 5:1 weight ratio. Water to cement ratios of 0.28 to 0.34 in increments 
of 0.01 were evaluated. Creep strain was measured at 2000 psi and at 
temperatures from 1000°F to 2000°F. Figure 76 shows typical creep 
strain behavior for the bond phase containing 28% water content. 
Figure 77 shows the activation energy of the bond phase with 28% water, 
tested at 2000 psi, to be approximately 68.9 Kcal/mole on initial 
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Figure 70. X-ray diffraction pattern for crept ISU-50 
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Figure 71. SEM photomicrograph of green ISU-50 (lOOOOX) 
(a) with CA-25C 
(b) Secar 80 
104 
Figure 72. SEM photomicrograph of green lSU-50 (lOOOOX) 
(a) with Refcon 
(b) with Fondu 
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Figure 73. SEM photomicrograph of crept ISU-50 (lOOOOX) 
(a) with CA-25C 
(b) Secar 80 
106 
Figure 74. SEM photomicrograph of crept ISU-50 (lOOOOX) 
(a) with Secar 71 
(b) with Refcon 
Figure 75. SEM photomicrograph of crept ISU-50 with Fondu (lOOOOX) 
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Figure 77. Arrhenius temperature dependence of the strain rate of the bond phase 
with 28% water. (5 to 1 cement to alumina) 
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heating. Above 2000°F, the strain did not reach steady state, so the 
activation energies calculated are not accurate. Therefore, the actual 
activation energy must be lower than the calculated value. The 
activation energy of the bond phase with 29% water is 85.5 Kcal/mole on 
initial heating (Figure 78). For 30% water, it is 89.1 Kcal/mole on 
initial heating (Figure 79). For 31% water, the activation energy is 
85.9 Kcal/mole (Figure 80). For 32% water, the activation energy is 
67.1 Kcal/mole (Figure 81). Figure 82 shows another typical creep strain 
curve at 33% water content for the bond phase. Figure 83 shows that 
less strain occurs when cycled down. The activation energies are 
49.4 Kcal/mole on initial heating and 159.1 Kcal/mole on subsequent 
cycling (Figure 84). For 34% water, the activation energy is 57.9 
Kcal/mole on initial heating (Figure 85). Figure 86 is a summary of the 
activation energies on initial heating of bond phase as a function of 
water contents. The activation energy increases with water content to 
a maximum of 89.1 Kcal/mole at 30% water, then decreases. Figure 87 
shows a summary of the total strain for the bond phase as a function of 
water content at 2000 psi. Thirty-one percent water content has much 
less total creep strain at the same conditions of stress and temperature 
with increasing temperature. 'I'Jhen the creep strain of several specimens 
with varied water content was averaged and plotted on an Arrhenius 
graph, a smoother curve resulted (Figure 88). If this is assumed to be 
the sum of two Arrhenius processes, the initial creep activation energy 
is 70.2 Kcal/mole at high temperatures. 
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Figure 78, Arrhenius temperature dependence of the strain rate of the bond phase 
with 29% water. (5 to 1 cement to calcined alumina) 
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Figure 79. Arrhenius temperature dependence of the strain rate of the bond phase 
with 30% water. (5 to 1 cement to calcined alumina) 
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Figure 81, Arrhenius temperature dependence of the strain rate of the bond phase 
with 32% water. (5 to 1 cement to calcined alumina) 
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Figure 84. Arrhenius temperature dependence of the strain rate of the bond phase 
with 33% water. (5 to 1 cement to calcined alumina) 
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Figure 85. Arrhanius temperature dependence of the strain rate of the bond phase 
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Figure 87. Total strain for the bond phase with various water content at 2000 psi 
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Figure 88. Arrhenius temperature dependence of the strain rate of the bond phase 
based on average value of all the specimens 
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Modulus of rupture tests were performed on fired and unfired bond 
phases as a function of water contents. The MOR increases with water 
content to a maximum at 30% water, then decreases for fired bond phases 
(Figure 89), but for unfired bond phases, the maximum MOR is at 31% 
(Figure 90). Density and porosity were determined as a function of 
water content. Specimens with 30% water had the greatest density of 
the unfired bond phases (Figures 91 and 92). Apparent porosity tends 
to increase with increasing water content (Figures 93 and 94). 
The major compounds were corundum and C^AH^ for green specimens, 
and CA^ and corundum for crept specimens. This would indicate that 
deformation is controlled by the formation of CA and CA^, and by the 
conversion of CA to CA^. The conversion of CA to CA2 is controlled by 
the diffusion of Ca in Al^O^; it should be the diffusion mechanism 
that would dominate on initial heat-up [47]. The amount of CA^ and 
corundum is the same for crept specimens with both 28% water and 34% 
water, even though the amount of C^AH^, AH^ and CA changed with water 
content when the specimens were hydrated. Specimens with 34% water had 
more hydrated compounds, such as C^AH^ and AH^. The specimen with 28% 
water had more CA compound. Figure 95 shows a green specimen with 29% 
water and crept specimen made with 31% water at 10000 magnification. 
Mechanisms of Creep in Refractory Concretes 
It is difficult to assign specific creep mechanisms to this system. 
On initial heat-up, the grain-boundary structure is poorly developed 
and continues to change throughout the initial heat-up. Also, the total 
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Figure 95. SEM photomicrograph 
a) green CA-25C with 29% water (lOOOOX) 
b) crept CA-25C with 31% water (lOOOOX) 
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strain rate on initial heating includes strain from sintering and 
chemical diffusion, etc., as well as steady-state creep. This means 
that deformation on initial heating under stress is dominated by 
processes other than steady-state creep. This accounts for the low 
values of activation energy, and the high strain rate, when compared to 
cycled experiments. At high temperatures, the activation energies may 
not be correct because it is difficult to measure the steady-state 
region of the creep. However, the initial heat-up data is important in 
analyzing mechanical reliability during the initial heat-up of the 
refractory concretes. X-ray data shows the formation of CA, and the 
conversion of CA to CA^ and SEN picture shows stress-aided sintering 
occurs during initial heat-up. This would indicate a diffusion 
controlled mechanism for creep on initial heat-up. If sintering and 
chemical diffusion are taking place on initial heat-up during the creep 
test, then it would be expected that a strain rate from the cycled test 
would only consist of the strain rate from steady-state creep. 
Trostel [48] has attributed creep in Al^O^ refractories with a very 
wide range of grain sizes to a grain boundary sliding mechanism. With 
this, the various grain sizes and the pore system in the refractory 
concrete specimens, it would be possible that grain boundary sliding 
mechanism may be important for the cycled down tests. 
Classically, the stress exponent is an indication of the mechanism 
that dominates the creep. The stress exponent n is a number usually 
between 1 and 5. When n is 1, the creep mechanisms are usually 
associated with Nabarro-Herring or Coble diffusion mechanism, whereas 
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high stress exponents (n > 3) are associated with dislocation mechanism. 
For the grain boundary sliding mechanism, the stress exponent for metal 
is 2. If grain boundary sliding takes place by the movement of 
dislocation along, or adjacent to, the boundary by a combination of 
climb and glide, the strain rate due to sliding is proportional to the 
number of grain boundary dislocations per unit length which is 
proportional to stress. The frequency of climb also is proportional to 
stress. The product leads to a n of 2 [38]. The experimental results 
indicate n is 2.4 to 2.6 for metal. But in ceramic materials, it is 
not known at present whether this value of n represents a genuine value 
relating to the nature of the sliding process, or rather it is related 
to a separate mechanism. This mechanism may be associated with 
Nabarro's dislocation climb mechanism or Weertman's dislocation climb 
mechanism. Both mechanisms, described in Equations (8) and (9), 
predict that n is equal to 3. The climb process depends on the diffusion 
of lattice vacancies and the rate of deformation is controlled by 
lattice diffusion. 
On initial loading, it is impossible to use the stress exponent to 
indicate a classical mechanism. However, if the strain rate from the 
cycled stress tests only consisted of the strain rate from the steady-
state creep, we could determine possible creep mechanism from the cycled 
loading tests. The stress exponent ranges from 2.2 to 3.4 when cycled 
down. Correlation coefficient values of the cycled down test are greater 
than .998, except ISU-90 with Secar 80. It is possible that several 
mechanisms act simultaneously. In refractory concretes, there are many 
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pores that could greatly relieve the accommodational requirements 
necessary for grain boundary sliding and many fine cement grains that 
increase the importance of grain boundary sliding. Therefore, it is 
possible that the rate controlling mechanism for the cycled tests is 
grain boundary sliding. 
When refractory concretes were exposed to the actual coal gasifier 
atmosphere for 1000 hours and examined with SE>Î, there was much 
difference in grain sizes. The grain sizes are 4 to 5 times bigger than 
in the unexposed specimen and strain rates were much lower for the exposed 
specimen. This suggests that grain size may also affect creep mechanism. 
On initial heating, when activation energies are compared, cement is 
the lowest, next is ISU-90 concrete and then cement with fine aggregate. 
But when total creep strain is compared, cement is the largest, followed 
by cement with fine aggregate and then ISU-90 concrete. This indicates 
that the creep is dominated by either the reactions of the cement phase 
itself or with the fine fractions of the aggregate. The coarse aggregate 
may reduce strain and thus inhibit grain boundary sliding in the bond 
phase. For the ISU-90 concrete and the cement and fine aggregate after 
creep, bulk density decreases from the cured state, but apparent density 
and porosity increase. The increase in apparent porosity in the 
concrete is greater than that of the cement with fine aggregate or that 
of the cement. This implies that stress causes voids or cracks to open up 
in the concrete because of stress concentrations at aggregate grain 
boundaries in the concrete. However, more work is needed before it will 
be known whether a single high temperature process is rate controlling. 
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SUMMARY 
Creep of refractory concrete was dominated by deformation of the 
cement phase because the cement creeps more readily than does the 
aggregate. On initial heat-up, the grain-boundary structure is poorly 
developed and continues to change throughout the initial heat-up. And 
the creep on initial heating is much more rapid than after creep has 
occurred at the same temperature and stress because of stress assisted 
changes in structure, and the activation energy is probably that for 
calcium ion diffusion. After cycling down below the maximum conditions, 
no more major structural changes occur within the material and only 
steady-state creep processes remain active. This is a better basis for 
determining the possible mechanisms, and cycled down data indicates 
grain boundary sliding as the dominant mechanism. 
X-ray and SEN data show that dehydration of the cement phase occurs, 
and that CA converts to CA^ with increasing temperature. Stress-aided 
sintering of the cement phase dominates the creep microstructure. When 
comparing cements of different compositions, the creep results depend 
more on the high temperature chemistry and phase equilibria than on the 
microstructural changes observed by SEM. All had essentially the same 
microstructure. 
This research shows that the amount and quantity of cement, the 
grain size, and water-to-cement ratio can be controlled to obtain 
desired creep properties within certain limits. 
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